Introduction {#Sec1}
============

Internationally, heart failure (HF) is a leading cause of mortality and morbidity, especially in developed countries with an aging population \[[@CR1], [@CR2]\]. To address this tough challenge, new clinical therapies for HF need to be developed \[[@CR3]\]. Apelin was firstly discovered in 1998 as the endogenous peptide capable of binding the APJ, which was originally described as an orphan G protein--coupled receptor (GPCR) \[[@CR4], [@CR5]\]. Clinical and experimental studies clearly support multiple cardioprotective effects of the apelin--APJ axis \[[@CR6]--[@CR8]\]. Recently, the apelin receptor has been shown to be activated by a novel endogenous peptide ligand known as Elabela (ELA, also called Toddler or Apela), with an important role in cardiovascular development and function \[[@CR9], [@CR10]\]. Unlike apelin, the expression of ELA is mainly enriched in embryonic stem cells (ESCs), pluripotent stem cells, the kidney, prostate, and vascular endothelium \[[@CR9], [@CR11]--[@CR13]\]. Notably, ELA and apelin share the same receptor and exert similar biological effects. Therefore, a family consisting of ELA, apelin, and APJ named the apelinergic system plays cardiotonic, diuretic, depressor, and cardiorenal protective roles (Table [1](#Tab1){ref-type="table"}) \[[@CR14]--[@CR28]\]. The underlying mechanisms of the ELA--APJ axis remain largely unclear despite their clinical importance. Furthermore, some studies have introduced different isoforms of ELA as agonists of APJ and future medications for HF \[[@CR17], [@CR18], [@CR29]\]. This review discusses the biological characteristics of the ELA--APJ axis, its cardioprotective effects, and its potential mechanisms for treating HF.Table 1The regulatory roles and underlying mechanisms of ELA-APJ pathway in cardiovascular system and heart failureExperimental model/populationExperimental interventionEffectsMechanisms/signaling pathwaysReferencesHEK293 cells, CHO cells and HUVECs with APJ receptor overexpressionELA-32↑Angiogenesis↑Vasodilatation↑ERK1/2;↑Calcium mobilization;↓cAMP\[[@CR12]\]Rat model of PAHELA-32ELA-21ELA-11↑Cardiac contractility↓Ventricular hypertrophy↓Pulmonary vascular remodeling↓Right ventricular systolic pressure↑Vasodilatation↑G protein pathway↑β-arrestin pathway\[[@CR13]\]Patients with PAH--↓ELA expression--\[[@CR13]\]TAC miceELA-32↓Cardiac hypertrophy and fibrosis↓Impaired contractility↓ACE expression↓FoxM1\[[@CR14]\]Mouse model of MIELA-32↑Cardiac contractility↑Coronary vasodilation↑ERK1/2;\[[@CR15]\]Rat model of septic shockELA (19--32)ELA-32↑Left ventricular filling↓Myocardial injury↓Kidney injury--\[[@CR16]\]↓InflammationSD rats and SHRELA (19--32)ELA-32↓Arterial pressure↑LVDP↓Urine osmolality↑Diuresis↑Gαi1 pathway↑β-arrestin-2 pathway\[[@CR17]\]H/R or adriamycin treated renal tubular cells;Mouse model of renal I/RELA-32ELA-11↓Inflammation, DDR and apoptosis↓TGF-β1\[[@CR18]\]SD ratsCHO cellsELA-32ELA-21↑Urine flow rate↑Gi Signaling↑ERK1/2\[[@CR19]\]Patients with EH--↓Circulating ELA levels--\[[@CR20]\]Pregnant women with PE--↓Levels of ELA--\[[@CR21], [@CR22]\]Rat model of MIFc-ELA-21 fusion proteins↑Angiogenesis;↑Cardiomyocyte proliferation↓Apoptosis↓Heart fibrosis↓Heart dysfunction--\[[@CR23]\]hESCsSynthetical ELA↑Self-renewal↑PI3K/Akt/mTORC1 pathway\[[@CR24]\]Dahl salt--sensitive ratsAAV9-ELA↓Blood pressure levels↓Renal fibrosis↓Expression of fibrosis associated genes\[[@CR25]\]Mouse model of diabetesELA-32↓Renal inflammation and fibrosis↑PI3K/Akt/mTOR\[[@CR26]\]↓ApoptosisPregnant mice*ELA*-KO↑Proteinuria↑Blood pressure--\[[@CR27]\]hESCsELA↑Cellular differentiation↑GATA4 and Tbx5\[[@CR28]\]*CHO* Chinese hamster ovary cell, *HUVECs* human umbilical vein endothelial cells, *ERK1/2* extracellular signal-regulated kinase 1/2, *PAH* pulmonary arterial hypertension, *TAC* transverse aortic constriction, *ACE* angiotensin-converting enzyme, *MI* myocardial infarction, *SD* Sprague−Dawley, *SHR* spontaneously hypertensive rats, *LVDP* left ventricular development pressure, *H/R* hypoxia-reoxygenation, *DDR* DNA damage response, *I/R* ischemia reperfusion, *EH* essential hypertension, *PE* pre-eclampsia, *hESCs* human embryonic stem cell, *PI3K* phosphatidylinositol 3 kinase, *mTORC* mammalian target of rapamycin complex, *AAV9* adeno-associated virus (AAV) serotype 9, *KO* knockout

Discovery of ELA {#Sec2}
================

ELA is a hormonal peptide originally detected in ESCs in which it plays a role in embryonic development via secretion and combination with APJ \[[@CR9], [@CR10]\]. A previous study found that the transcript of the ELA/Apela/Toddler gene, AK092578, was likely to be a noncoding RNA in humans \[[@CR30]\]. Given its high expression in undifferentiated ESCs and fast downregulation in differentiated ESCs, ELA functions as a secretory peptide with important effects in early stage of embryo. ELA has been demonstrated to have an essential role in heart genesis and proper endoderm differentiation in the zebra fish model via the combination of APJ receptor. The phenotype of ELA mutants in heart development resembles APJ mutants but cannot be duplicated by apelin mutants, implying that ELA is a new-found ligand of APJ \[[@CR4], [@CR14], [@CR31]\]. Soon after, a short, conserved, and secreted peptide named Toddler was discovered during zebra fish embryogenesis with promotion of gastrulation movements \[[@CR10]\]. These discoveries confirmed that the ELA--APJ receptor pathway participates in regulating circulation system and embryonic development \[[@CR32]\]. The discovery of ELA, a novel APJ receptor agonist, gives rise to the intriguing prospect of adjusting the ELA--apelin--APJ receptor system in HF and other cardiovascular disorders.

Biological characteristics of ELA {#Sec3}
=================================

ELA gene contains three exons and is located on chromosome 4. ELA-54, as a full-length peptide, is detected in the Golgi apparatus, which is cleaved into ELA-32 as its mature secretory form (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR4], [@CR9]\]. Mature ELA binds to the APJ receptor to become biologically active \[[@CR4], [@CR13], [@CR14], [@CR17], [@CR18]\]. Positively charged amino acids in ELA peptides play a critical role in its receptor-binding affinity. ELA-11, without positively charged amino acids, displays a 100-fold decrease in affinity when compared with the longer ELA peptides with positively charged amino acids \[[@CR13], [@CR17]\]. Both ELA-32 and \[Pyr1\] apelin-13 possess the same affinity toward APJ in the β-arrestin assay. However, ML221, a nonpeptide small molecule antagonist, blocks the binding of ELA-32 and \[Pyr1\] apelin-13 with APJ to a similar extent as the positively amino acids. This provides additional evidence that these ligands may bind to the same or overlapping sites on the receptor \[[@CR13]\]. Both ELA and apelin are detectable in human plasma at just subnanomolar levels, indicating that ELA and apelin may work as locally released autocrine/paracrine mediators, rather than as circulating hormones \[[@CR13]\]. It was a well-established viewpoint that the levels of apelinergic system elements are diverse in different types of tissue/organ \[[@CR11]\]. The levels of APJ, apelin, and ELA are higher in noncardiomyocyte cells than in cardiomyocytes in the hearts of C57/BL6 mice. However, levels of ELA should not be regarded as the equivalent of apelin. Both APJ and apelin expression levels were lower in fibroblasts than in endothelial cells (ECs), but the expression levels of ELA showed no remarkable difference between the two cell types \[[@CR15]\]. These data help us to understand the complexity of the apelinergic system and potential differences between apelin and ELA from a unique perspective.Fig. 1The regulatory roles and underlying mechanisms of ELA-APJ axis in heart failure. (**a**) ELA-54 is the full-length peptide via transcription and translation. ELA-54 is subsequently cleaved into the mature secretary peptide ELA-32 in Golgi apparatus, which exerts its biologicl effects by autocrine or paracrine. (**b**) The combination of ELA and APJ receptor activates intracellular signaling pathways, which partialy atributes to the recruitment of β-arrestin and internalization of the ELA-APJ complex. In addition, ELA binds an unkown receptor (X receptor), instead of APJ receptor, and plays a key role in the cell growth, survival, and self-renewal of hESCs or the OCCC cell lines by activating the PI3K/Akt phosphorylation signaling pathway or by suppressing the p53 signaling pathway. More importantly, the ELA-APJ receptor axis has been shown to regulate cellular differentiation, apoptosis, inflammation, oxidative stress, fibrosis, remodeling, vasodilation, cardiac contractility, cellular survival, and stem cell renewal in heart failure through the MEK/ERK, GATA4/Tbx5, AMPK/mTOR, and TGFβ/MMP9 signaling pathways, respectively. ELA, Elabela; X receptor, unknown receptor; hESCs, human embryonic stem cells; ECs, endothelial cells; HUVECs, human umbilical vein endothelial cells; CMs, cardiomyocytes; CFs, cardiofibroblasts; OCCC, ovarian clear cell carcinoma cell line; ER, endoplasmic reticulum; ERK1/2, extracellular signal-regulated kinase 1/2; MEK1/2, mitogen-activated protein kinase/external-signal regulated kinase; mTORC1, mammalian target of rapamycin complex 1; ACE, angiotensin converting enzyme; Ang II, angiotensin II; AT1, angiotensin II type 1 receptor; NF-κB, nuclear factor κ-B; TGF-β, transforming growth factor-β; MMP9, matrix metallopeptidase 9; TNF-α, tumor necrosis factor-α

The changes of ELA and apelin levels in patients with HF {#Sec4}
========================================================

Because of the importantly biological effect of the apelinergic system, clinical trials have been conducted to reveal the differences and changes between patients and healthy controls. Children with HF secondary to congenital heart disease had lower levels of serum apelin than health controls. Further analysis indicated that the level of serum apelin had a negative correlation with prognosis of patients with HF \[[@CR33]\]. Optimized drug therapy, including treatment with spironolactone, led to increased serum apelin-12 levels among HF patients with reduced left ventricular (LV) ejection fraction (LVEF) \[[@CR34]\]. Apelin level was significantly lower in dialyzed patients with cardiovascular diseases and had a negative association with cardiac function \[[@CR35]\]. Low levels of plasma apelin were associated with more severe LV systolic and diastolic dysfunction in hypertensive patients \[[@CR36]\]. Although some researches revealed no correlation between apelin levels of peripheral venous blood and the severity and prognosis of HF, the myocardial apelin production has been shown to be reduced in humans with LV systolic dysfunction \[[@CR37]\]. A possible explanation for these conflicting conclusions could be the existence of diverse isomers. Whether the samples were extracted also influenced the accuracy of serum ELA levels \[[@CR38]\]. To date, there is still no clinical trial to explore the exact serum levels of ELA between patients with HF and healthy population. Further efforts should be made to investigate whether the serum level or the expression of ELA in the cardiovascular system are different between patients with and without HF.

The ELA--APJ axis and cardiac contractility {#Sec5}
===========================================

As a key signaling pathway regulating cardiovascular hemodynamics, apelin has been proven to participate in hemodynamic regulation since it was first discovered \[[@CR39], [@CR40]\]. Apelin-13, the most potent isoform of apelin, participates in the development of HF \[[@CR19], [@CR41], [@CR42]\]. Furthermore, apelin-13 optimizes the cardiac workload and reduces vascular resistance to improve the cardiac index \[[@CR43]\]. ELA, as a second endogenous ligand of APJ, has a similar inotropic effect. The acute infusion of ELA-32 or apelin-13 increased the heart rate and cardiac output without changing the stroke volume but showed lower systemic vascular resistance in a rat model of septic shock \[[@CR16]\]. This phenomenon was significantly blunted but not completely eliminated by an APJ antagonist. The improvement in LV function was observed after ELA perfusion and may thus be beneficial to the mediation of cardiac contractility according to the Frank--Starling law \[[@CR16]\]. A significant increase in LV developed pressure (LVDP), an indirect parameter reflecting the contractility, was observed in the isolated heart after administration of ELA and its analogs \[[@CR17]\]. LV fractional shortening (LVFS) is another important parameter representing the contractility of the heart \[[@CR44]\]. Both apelin-13 and ELA increased LVFS and the heart rate in vivo \[[@CR17]\]. Recently, it was discovered that ELA-32 had a dose-dependent increase in both LVEF and right ventricular ejection fractions in rats \[[@CR13]\]. Administration of ELA-32 promotes cardiac output and the maximal rate of rise of LVDP in the monocrotaline (MCT)-induced pulmonary arterial hypertension (PAH) rats \[[@CR13]\]. Additionally, ELA may mediate vasodilatory effects, contributing to the declining perfusion pressure in a dose-dependent manner. Treatment with ELA alleviates myocardial ischemia and modulates metabolism, ultimately contributing to the improvement of myocardial contractility \[[@CR15]\].

The ELA--APJ axis and humoral regulation {#Sec6}
========================================

Fluid overload plays a key role in the development of HF and the participation of apelin in the regulation of fluid homeostasis has been well established \[[@CR17], [@CR20], [@CR21]\]. ELA expression is detected in renal collecting tubules, suggesting that it has potential biological effects on fluid homeostasis \[[@CR22]\]. It has been reported that both ELA and apelin increased urine flow rates in rats, and ELA injection induced approximately 5-fold higher maximal increases in the plateau responses of urine flow rates than apelin. Regarding fluid homeostasis, both apelin-13 and ELA increase daily urinary output, which is accompanied by decreased urine osmolality and electrolyte excretion \[[@CR17], [@CR22]\]. The inhibition of sodium and chloride fractional excretion and the increase in diuretic may be partly responsible for the fluid homeostasis regulation of ELA. Collectively, these results suggest that compared with apelin, ELA exerts a more potent biological effect on the kidney, indicating that ELA may represent a promising diuretic agent.

The ELA--APJ axis and blood pressure regulation {#Sec7}
===============================================

Hypertension is an independent risk factor for HF and a major public health problem among the aging population, contributing to worldwide morbidity and mortality \[[@CR1], [@CR2], [@CR4]\]. A growing number of factors are responsible for hypertension, such as the renin--angiotensin system (RAS), the apelinergic system, genetics, obesity, dyslipidemia, [sedentary](https://www.baidu.com/link?url=gfy5T6Qbw5RVBK9dx5XTWf4-242wK4JDRfD_a8gK78TlPOcWIeaPWEDeXjvlVUaNrbYdkZRFmh0cg2CapJSPuq&wd=&eqid=d90a1bce004c658e000000035e6b961d) lifestyle, and diabetes \[[@CR1], [@CR4], [@CR7], [@CR14], [@CR45]--[@CR47]\]. Apelin is a vasodilator and exerts hypotensive actions. The intravenous injection of apelin in rats transiently reduces systolic and diastolic blood pressure (BP) levels \[[@CR46], [@CR47]\]. Similar to apelin, ELA infusion also downregulates BP levels in mice. ELA has also been shown to stimulate the angiogenesis of human umbilical vascular ECs (HUVECs) and to induce the relaxation of aortas through the activation of APJ receptor in mice \[[@CR12], [@CR14]\]. These results indicate that ELA also exerts a hypotensive effect in vivo and improves cardiac function, which is why there is now a preliminary clinical study focused on circulating ELA levels in patients with essential hypertension. Preliminary results show that compared with healthy subjects, circulating levels of ELA are significantly reduced in patients with hypertension \[[@CR48]\]. Consistent with this finding, serum levels of ELA are significantly decreased in preeclamptic women \[[@CR49], [@CR50]\]. These findings support the theory that ELA is an important regulator of BP levels and may bring benefits to HF. PAH is a disease of the small pulmonary arteries characterized by vascular proliferation and remodeling. In consequence, the progressive increase in pulmonary vascular resistance induces right-sided HF \[[@CR51]\]. Patients with PAH have lower plasma apelin levels than controls \[[@CR52]\]. Some researchers attribute PAH to the loss of apelin \[[@CR53]\]. Similarly, ELA expression is also reduced in patients with PAH and rodent models of PAH (Table [1](#Tab1){ref-type="table"}) \[[@CR13]\]. ELA attenuated monocrotaline (MCT)-induced PAH by alleviating right ventricular hypertrophy and lessening fully muscularized vessels (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR13]\]. In addition, ELA possesses vasodilatory property, which effectively improves myocardial blood supply to mitigate the impairment due to myocardial ischemia (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR13], [@CR15]\]. Therefore, ELA reduces BP levels not only in the systemic circulation but also in the pulmonary circulation, both of which are likely to be beneficial to patients with HF.

The ELA--APJ axis and cardiac remodeling {#Sec8}
========================================

Myocardial fibrosis and inflammation are major factors participating in adverse cardiac remodeling \[[@CR23], [@CR54], [@CR55]\]. Sepsis is associated with a remarkable elevation in inflammation and easily induces HF \[[@CR56]\]. Treatment with ELA has been demonstrated to lower myocardial inflammation, limit myocardial injury, and significantly improve cardiorenal function with optimal preload, afterload, and inotropic effects in a sepsis animal model (Table [1](#Tab1){ref-type="table"}) \[[@CR16]\]. In turn, myocardial inflammation plays a critical role in the development of cardiac fibrosis, cardiac remodeling, and HF \[[@CR24], [@CR55], [@CR57], [@CR58]\]. Ischemic cardiac myopathy manifests as HF and is accompanied by chronic active inflammation. Adverse cardiac remodeling is the primary characteristic of myocardial fibrosis and dysfunction. In a rat model of myocardial infarction (MI), pretreatment with ELA significantly reduced the severity of cardiac fibrosis and improved hemodynamic parameters obtained from the invasive catheter examination, such as LV systolic pressure, LV end-diastolic pressure, and maximal positive and negative first derivative of LV pressure (Table [1](#Tab1){ref-type="table"}) \[[@CR25]\]. Administration of ELA further limited the area of cardiac fibrosis in a murine MI model with downregulated levels of profibrotic genes, including transforming growth factor-β (TGFβ), latent TGFβ-binding protein 2, periostin, and collagen 8a \[[@CR14]\], suggesting that ELA blunts the process of myocardial fibrosis and the loss of cardiomyocytes secondary to MI, thereby preserving cardiac function.

HF is associated with pathological hypertrophy and maladaptive ventricular remodeling which is an adaptive response for pressure overload to increase the contractility of cardiomyocytes \[[@CR26], [@CR27], [@CR59], [@CR60]\]. The ELA--APJ axis has been exhibited to suppress cardiac hypertrophy and remodeling, as measured by heart weight to body weight ratio and LV wall thickness in a mice model of transverse aortic constriction (TAC), by suppressing the levels of pro-hypertrophic factors atrial natriuretic factor and β-myosin heavy chain (Table [1](#Tab1){ref-type="table"}) \[[@CR14]\].

Angiogenesis is another aspect of cardiac remodeling in response to stress, but ELA prevents cardiac remodeling by regulating neovascularization \[[@CR9]\]. A special research focus on the coronary vasculature revealed that the ELA--APJ signaling is required for sinus venosus--derived progenitors, which revascularizes the heart by creating new vasculature from the outside in \[[@CR26]\]. ELA stimulated the formation of tubular structures and increased the number of branch points in a concentration-dependent manner, indicating an angiogenic effect \[[@CR12]\]. Such an angiogenic effect may improve cardiac function and cardiac remodeling after MI. This was supported by the fact that ELA-32 attenuated right ventricular hypertrophy in MCT-induced PAH rats. The adverse remodeling of the vasculature was significantly lessened by ELA-32 including fully muscularized vessels and arteriolar wall thickness (Table [1](#Tab1){ref-type="table"}) \[[@CR13]\].

Moreover, ELA is also considered to be a factor affecting cell growth and cell cycle progression, meaning that it may affect cardiac fibroblasts (CFs) and ECs in impaired hearts (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR25], [@CR27], [@CR59]\]. This in vitro work demonstrated that apoptosis after MI was suppressed by administration of ELA in the experimental group compared with controls \[[@CR25]\]. Stem cell exhaustion has been recognized as a common factor in age-related diseases such as HF. Recently, Yi et al. revealed that addition of human recombinant ELA peptide to the ovarian clear cell carcinoma (OCCC) cell lines promoted cell growth and migration by suppressing the p53 signaling pathway while gentic ELA knockdown augmented p53 pathway in OCCC cell lines using CRISPR/Cas9 via an APJ receptor-independent manner (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR59]\]. Intriguingly, ELA binds an unkown receptor (X receptor), instead of APJ receptor, and promotes human ESCs (hESCs) self-renewal and differentiation via the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt phosphorylation and TGFβ signaling \[[@CR27]\], suggesting that ELA functions as an endogenous hormonal peptide and signals through X receptor (Fig. [1](#Fig1){ref-type="fig"}). However, what is still unclear is whether ELA also mediates cardiovascular and renal protective effects through the X receptor in adult animals and humans. These results revealed that ELA plays a crucial role on stem cells, providing a new approach for HF treatment.

The ELA--APJ axis and cardiorenal dysfunction {#Sec9}
=============================================

Cardiorenal syndrome is a pathophysiologic disorder of the heart and kidney whereby acute or chronic dysfunction in one organ affects the other. Evidence reveals a close relationship between acute kidney injury (AKI) and HF, with the treatment for AKI contributing to anti-HF therapy \[[@CR61]\]. Because of the high expression of ELA in the kidney, ELA may exert protective effects against AKI. The mRNA level of ELA was greatly decreased in mice with cardiorenal damage. The mature peptide (ELA-32) or the 11-residue furin-cleaved fragment (ELA-11) was administered to hypoxia--reperfusion (H/R)-injured or adriamycin-treated renal tubular cells in vitro. Both ELA-32 and ELA-11 significantly inhibited the H/R-induced DNA damage response and suppressed the DNA damage response, fibrosis, inflammation, and apoptosis. All of these contributed to the improvement of the renal tubular lesions and renal dysfunction \[[@CR18]\]. These data indicated that ELA has positive effects on the prevention of AKI. ELA preserved the normal glomerular architecture and alleviated renal fibrosis in rodents fed a high-salt diet \[[@CR62]\]. Three months of sustained ELA gene therapy augmented levels of ELA and preserved the glomerular structure, attenuated renal fibrosis, and suppressed the expression of fibrosis-associated genes in the kidneys of Dahl salt-sensitive rats with a high-salt diet \[[@CR62], [@CR63]\]. There has been new evidence supporting renal protection derived from ELA. In addition to the suppression of inflammation and fibrosis, ELA also protected podocytes from injury \[[@CR63]\]. Such direct evidences support that ELA plays an active role in kidney protection and anti-HF therapy, especially in cardiorenal syndrome. In an observational clinical study, 80 patients with type 2 diabetes were divided into different arms according to their baseline urinary albumin/creatinine ratio (ACR). ELA has been shown to be a significantly negative correlation with the ACR, and the serum ELA levels might be a novel clinical predictor of diabetic nephropathy \[[@CR64]\]. This clinical evidence indirectly verified the protective effects of ELA on renal function in the diabetes population. Importantly, ELA maintains the cardiovascular integrity of both the mother and the fetus during pregnancy by normalizing hypertension and decreasing proteinuria \[[@CR65]\]. Taken together, the ELA--APJ axis appears to protect the kidneys from a wide degree of insults, thereby contributing to the maintenance of cardiac function in the context of HF.

Underlying mechanisms of the ELA--APJ axis {#Sec10}
==========================================

ELA exerts its cardioprotective effects in an APJ receptor--dependent manner in most studies, although other alternate receptors may exist \[[@CR4], [@CR14], [@CR27], [@CR50], [@CR59]\]. Ho et al. demonstrated that ELA-KO, not apelin-KO, pregnant mice displayed preeclampsia-like symptoms and that infusion of ELA could alleviate these symptoms \[[@CR65]\]. ELA-KO mice placentas were not rescued by apelin but by ELA infusion, again suggesting differences of ELA and apelin in signaling pathways. The preeclampsia alleviation is likely achieved through APJ receptor signaling in ECs. However, they also do not rule out a possible contribution from additional unidentified ELA receptors \[[@CR4], [@CR65]\]. X receptor, a poorly understood alternate receptor, is firstly reported in human embryos to sustain survival and self-renewal of hESCs (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR27]\]. Many studies have drawn the above conclusion via ligand-binding assays or by comparing wild-type and APJ-KO animal models \[[@CR14], [@CR17]\]. The hyperactive RAS plays a crucial role in the progression of HF. Angiotensin II (Ang II), an important element of the RAS, is generated by angiotensin-converting enzyme (ACE) and degraded by ACE2 \[[@CR66]\], which is also a co-receptor for the severe respiratory syndrome coronavirus 2 (SARS-CoV2) entry for the novel coronavirus 2019 pneumonia and regulates the fundamental cellular biology of cardiomyocytes, CFs, and coronary ECs in animal models and patients with HF by blocking the RAS \[[@CR67]--[@CR69]\]. Unsurprisingly, pharmacological antagonism of the RAS using ACE inhibitors (ACEI) or Ang II type 1 receptor (AT1) blockers (ARB) is a cornerstone of current medical therapy for patients with HF. ACE2, by virtue of its action on Ang I and Ang II, has been successfully shown to be an endogenous ACEI or ARB at the cellular level \[[@CR67]\]. Myocardial ACE2 protein levels decrease in pressure-overload HF, suggesting an inverse relationship between its levels and disease progression. Loss of ACE2 resulted in worsened pathological remodeling, contributing to systolic dysfunction and ventricular dilation \[[@CR68]\]. Apelin, another vasoactive peptide substrate of ACE2, upregulates ACE2 levels in the heart to disrupt the balance between ACE and ACE2, while ELA reduces the ratio of ACE/ACE2 in a different manner from apelin to affect the RAS activation \[[@CR68]--[@CR71]\]. Apelin upregulates protein expression of ACE2, while ELA downregulates ACE expression in the heart \[[@CR14], [@CR71]\]. Apelin has been shown to increase ACE2 promoter activity in vitro and upregulate ACE2 expression in failing hearts in vivo. In TAC mice, ELA negatively regulates the expression of Brahma-related gene-1 and forkhead box M1, which upregulates ACE expression in the heart \[[@CR13], [@CR70]\]. The apelin--APJ axis activated ACE2 promoter activity, while ELA dose-dependently decreased ACE promoter activity via APJ. Therefore, ELA neutralizes the adverse effects of the RAS to provide cardiac protection. ELA has been exhibited to combine with APJ receptor and activate Gi signaling, which exerts diverse effects, including diuresis and vasodilatation \[[@CR4], [@CR22]\]. Activated Gi signaling may contribute to a decrease in cAMP production, the stimulation of extracellular-regulated protein kinases (ERKs), and an increase in intracellular calcium mobilization \[[@CR12], [@CR15]\]. Correspondingly, the suppression of ERK1/2 phosphorylation activation markedly decreased the positive inotropy effect induced by ELA \[[@CR15]\], indicating cardiovascular protective effects of the ELA--APJ axis via the regulation of ERK1/2 phosphorylation signaling. The apelin--APJ axis is a potent inotrope/vasodilator via modulation of ACE2 and ERK1/2 phosphorylation signaling \[[@CR71]\]. ELA can activate Gi protein signaling and β-arrestin-dependent pathways, which mediate GPCR internalization to trigger the downstream signaling pathway \[[@CR13]\]. Apelin improves cardiac dysfunction after myocardial I/R injury by inhibiting myocardial apoptosis and oxidative stress, along with upregulation of endothelial nitric oxide synthase (eNOS) levels and of PI3K/Akt and activation of ERK1/2 phosphorylation signaling \[[@CR72]\]. Administration of ELA protects hESCs against apoptosis and stress-induced cell death and promotes survival and self-renewal in an APJ-independent manner via the PI3K/Akt pathway and thus may also play a crucial role in regulating the apoptosis of cardiomyocytes under stress (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR27]\]. In addition, treatment with ELA suppresses the levels of TGF-β and matrix metallopeptidase 9 (MMP9) in a murine I/R injury model, which is recognized as a key effector molecule that participates in adverse myocardial hypertrophy, remodeling and interstitial fibrosis (Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}) \[[@CR18], [@CR73], [@CR74]\]. Notably, ELA exerts an anti-fibrosis effect in the heart and kidney by preventing the TGF-β signaling (Table [1](#Tab1){ref-type="table"}) \[[@CR18]\]. The underlying mechanisms responsible for cardiorenal protective roles of ELA may be involved in activation of the PI3K/Akt/mTOR signaling pathway (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR63]\]. Such novel findings may support the viewpoint that ELA promotes cell proliferation to tackle a series of unwanted pathological changes when HF occurs. It is well established that the effect of vasodilation induced by apelin depends on the functional endothelium. The hypotensive effect of apelin is mediated by endothelium-derived nitric oxide in both mice and humans \[[@CR47], [@CR75]\]. The combination of apelin and the APJ receptor induces the phosphorylation of eNOS via PI3K/Akt activation \[[@CR76]\]. ELA relaxes mouse aortic blood vessels in a dose-dependent manner through a different way from apelin. This vasorelaxation did not disappear when pretreated with eNOS inhibitor L-NAME, suggesting that nitric oxide is not required for ELA-mediated vascular relaxation \[[@CR12]\]. The hypotensive effect of ELA analogs was positively associated with the ability to elicit the internalization of APJ \[[@CR17]\]. These observations have been reported in studies focusing on apelin, which demonstrate that the decline in mean arterial pressure induced by apelin is related to its ability to recruit β-arrestin and induce APJ internalization \[[@CR77], [@CR78]\]. Although the exact mechanism involved is still unknown, it is clear that ELA can enhance the cardiac-restricted transcription factors Tbx5 and GATA4 to promote the differentiation of hESCs into cardiomyocytes (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR28]\]. The primary signaling pathways are summarized to give us deeper understanding of ELA--APJ axis (Fig. [1](#Fig1){ref-type="fig"}). Due to the similar properties between apelin and ELA, whether the biological actions and underlying mechanisms of ELA are the same should be investigated in further studies.

Targeting the ELA--APJ pathway as novel therapies for HF {#Sec11}
========================================================

Given the multiple cardioprotective effects demonstrated in research studies, ELA and its diverse fragments/analogs could be the basis for novel pharmacologic therapies for HF (Table [1](#Tab1){ref-type="table"}). Consequently, there is increasing research being devoted to creating these proteins. The Fmoc strategy is commonly used to synthesize peptides on solid phase. The Fmoc strategy, a special method of protein synthesis on solid phase, was employed to synthesize ELA and subsequently degraded ELA to identify the bioactive fragments \[[@CR79]\]. ELA (19--32) which possesses a highly similar structure to apelin-13, binds to APJ, activates the Gαi1 and β-arrestin-2 signaling pathways to lower blood pressure levels, and exerts positive inotropic effects \[[@CR17]\]. ELA-11 (ELA22-32) inhibited I/R injury--induced renal damage, including fibrosis, inflammation, and apoptosis, and preserved renal dysfunction in an AKI mouse model \[[@CR18]\]. The different isoforms of ELA behave differently upon conformational and dynamic changes in an isoform-dependent manner \[[@CR80]\]. Therefore, we need to make further efforts to identify more isoforms of ELA, and to identify which is the ideal agent for HF patients. Unfortunately, the short half-life of ELA hinders its clinical application \[[@CR17]\]. Recently, a group of scientists added an Fc fragment to the N-terminus of ELA. This new synthetic peptide not only preserved the functional portion of ELA at the C-terminus but also greatly extended its half-life \[[@CR25]\]. Cell therapy is a promising therapeutic approach to restore cardiac function. ELA was verified as a growth factor that promotes cardiomyocyte differentiation from transgenic hESCs to remedy the loss of cardiomyocytes in HF \[[@CR28]\]. In the light of the limitation in translating lead compounds to clinical applications, investigators have identified and developed biased and nonbiased agonists toward APJ receptor and other GPCR signaling \[[@CR32]\].

Conclusion {#Sec12}
==========

HF is a growing epidemic with high morbidity and mortality throughout the world. Acute and chronic HF are characterized by activation of several signaling pathways associated with pathological hypertrophy and maladaptive ventricular remodeling that in turn contributes to diminished systolic performance and diastolic function. The ELA--APJ axis has been shown to exert cardioprotective effects ranging from embryonic development to biological effects in adult kidney and cardiac tissues. The ELA--apelin--APJ axis has emerged as the dominant mechanism for the negative regulation of the Ang II-AT1 actions. Therefore, there are increasing efforts to harness this important biochemical and physiological property to develop novel therapies for HF targeting multiple cardioprotective mechanisms such as inotropic, vasodilatory, anti-inflammatory, antifibrotic, and diuretic effects (Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}). To date, we do not fully understand the complicated system, including the various isoforms, relevant signaling pathways and adverse biological effects, especially in humans. These open questions and the short half-life of ELA are the main obstacles for the clinical application of the ELA--APJ axis. Every effort should be made to better understand the physiological effects of the ELA--APJ receptor signaling pathway since numerous clinical and experimental studies clearly support a physiological and pathophysiological role for the ELA--APJ axis in HF. Thus, targeting the ELA--APJ axis has emerged as a pre-warning biomarker and a novel therapeutic approach against progression of HF. An increasing understanding of cardiovascular actions of ELA will help develop effective interventions.
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